ABSTRACT: Acute renal failure has 50-80% mortality. Currently, treatment options for this life-threatening disease are limited. Stem cells offer an exciting potential for kidney regeneration. This review discusses pathogenesis of acute renal failure resulting from ischemiareperfusion injury and the role of stem cells in reversing or mitigating this disorder. Specifically, the issues of differentiation of kidney cells from embryonic stem cells and bone marrow stem cells, and whether adult kidney stem/progenitor cells exist in the postnatal kidney are discussed. Evidence to support the conclusion that intra-renal cells, including surviving tubular epithelial cells and potential renal stem/ progenitor cells, are the main source for renal regeneration is provided. Future research in selecting the type(s) of stem cells and optimizing the dose, frequency and route of administration of the cells will be fundamental in successful cell replacement therapy in acute renal failure. Methods for enhancing endogenous renal cell proliferation and differentiation for renal repair continue to be important research directions. 
S tem cells are generally defined as clonogenic cells that are
capable of both self-renewal and multi-lineage differentiation (1) (2) (3) . The earliest stem cell in ontogeny is the zygote, which gives rise to the cells of the entire organism as well as placenta. As development proceeds, cells derived from the totipotent zygote are channeled to a particular pathway and the developmental potential becomes more restricted. Embryonic stem cells (ES cells) have been derived from the inner cell mass of the blastocysts of mice, nonhuman primates, and humans (4 -7) . ES cells are able to differentiate into cells of all three somatic cell lineages (ectoderm, mesoderm, and endoderm) and germ cells and therefore are pluripotent. They have unlimited self-renewal and differentiation potential. In the postnatal period, somatic stem cells or adult stem cells have been identified in several organs and have been shown to be able to differentiate into a limited number of cell types. For example, in the adult bone marrow there are hematopoietic stem cells (HSC) and mesenchymal stem cells (MSC). HSC produce all types of blood cells, and MSC have the ability to differentiate into cells of adipocyte, chondrocyte, or osteocyte lineages (8) . Somatic stem cells are more restricted in their self-renewal and differentiation potential compared with ES cells and therefore are considered multipotent.
A growing body of evidence has shown that under certain conditions some somatic stem cells are able to cross lineage boundaries and differentiate into cells of different organs. Several excellent publications have described stem cell placticity in detail (1,9 -13) . For example, a single bone marrowderived stem cell differentiates into epithelial cells in the liver, lung, skin and gastrointestinal tract (11) . In a mouse model of human tyrosinemia type 1, repopulation of hepatocytes from injected HSC was reported. HSC injection rescued the mice from liver failure (12) . The mechanism of hepatocyte formation from transplanted HSC was due to cell fusion of HSC with hepatocyte and not by true differentiation (14) . It is believed that bone marrow stem cells do not play a significant role in replacement of epithelial cells in the liver in any known form of hepatic injury (15) . We studied plasticity of bone marrow cells in forming renal cells in searching for new therapy for acute renal failure, a disease with high mortality due to limited treatment options. We derived the similar conclusion that bone marrow cells made only a minor contribution to renal regeneration after acute ischemia-reperfusion injury (16) . This review will summarize some published data to address the role of bone marrow cells as well as ES cells and potential renal stem/progenitor cells in renal regeneration after acute renal ischemia-reperfusion injury.
PATHOGENESIS AND CLINICAL CONSEQUENCE OF ACUTE RENAL FAILURE
Renal ischemia-reperfusion injury is a well-established mouse model to study the pathogenesis of human acute renal failure that results from major surgery, trauma, hypothermia or sepsis. The main pathogenesis of ischemia-reperfusion injury includes acute tubular necrosis and apoptosis, glomerular injury and inflammation (17) . It is characterized by renal tubular cell detachment from the basement membrane by the mechanisms of altered metabolism, inflammatory process, free radical generation and apoptosis (18) . The injury results in decreased renal plasma flow and decreased glomerular filtration rate (GFR).
Ischemic injury triggers tubular regeneration. Studies in rodents showed that regeneration of tubules starts in the second day, and after 10 d 50% of the tubules have regenerated (19) , although complete restoration of the tubular morphology may take up to 4 wk (20, 21) . Blood urea nitrogen (BUN) and creatinine may return to normal level in 7-10 d in most animal models. However compromised GFR can persist for a longer time (22) and other long-term consequences of ischemia-reperfusion injury include urine concentrating defect and proteinuria (23) .
Despite great effort in studying pathogenesis and searching for new therapies for acute renal failure, very little progress has been made in improving the outcomes of this disease. The mortality of human acute renal failure remains between 50 -80% (17, 24) . Currently, the only treatment options are dialysis and other supportive measures while waiting for return of renal function. Because stem cells have diverse developmental potential, they have opened a new avenue for potential effective treatment of acute renal failure. In exploring this possibility, we need to address the question of whether stem cells have the ability to reverse or mitigate the pathogenesis of ischemic injury. Specifically, if stem cells can decrease tubular cell death, attenuate glomerular injury, decrease inflammation, and accelerate renal regeneration.
DIFFERENTIATION OF ES CELLS INTO RENAL CELLS
ES cells have the potential to differentiate into all types of cells in the body. Human ES cells could be induced to differentiate in vitro into WT1-and renin-expressing cells with the treatment of several growth factors (25) . When mouse ES cells were injected into the mouse embryonic kidney organ culture that mimics the microenvironment of the developing kidney, ES cell-derived tubules were observed. These tubules expressed Na-K-ATPase and renal proximal tubular cell markers (26) . In general, the efficiency of renal cell differentiation in culture is low. Recently, Kim and Dressler demonstrated that when treated with retinoic acid, Activin-A and Bmp7, mouse ES cells could be induced to differentiate into cells expressing markers for intermediate mesoderm, the embryonic kidney precursor (27) . Treated ES cells formed tubular structures on culture plates and gave rise to tubular epithelial cells with high efficiency when injected into mouse embryonic kidney organ cultures (28) . Currently, methods of selective induction of human ES cells into renal cells for production of sufficient quantity of cells for clinical use are yet to be discovered. Furthermore, methods to isolate renal cells with high purity need to be developed because undifferentiated ES cells can form teratoma in vivo.
DIFFERENTIATION OF BONE MARROW CELLS INTO RENAL CELLS
Bone marrow stem cells have the plasticity to differentiate into cells of other organ systems. Poulsom et al reported that bone marrow-derived cells with epithelial cell markers were detected in normal mouse kidneys and in kidneys of male patients who received kidney transplant from female donors (29) . Similarly, Gupta et al reported the 1% of the regenerating renal tubules contained Y-chromosome ϩ cells in female donor kidneys that were transplanted into the male hosts (30) . Differentiation of bone marrow cells to glomerular mesangial cells in a rat model of glomerular nephritis has been reported (31). Duffield et al showed the expression of endothelial markers in the peri-tubular capillary from bone marrowderived cells in mice with renal ischemic injury, suggesting the formation of endothelial cells from bone marrow cells (32) . We studied the contribution of bone marrow stem cells to renal regeneration in mouse models of kidney ischemiareperfusion injury. We purified HSC (Lin -Scal-1 ϩ ckit ϩ cells) from male transgenic Rosa26 mouse donors and injected intravenously (IV) into wild-type female mouse hosts that had renal ischemic-reperfusion injury. X-gal positive cells were detected in the host kidneys, especially in the S3 segment of the proximal tubules where most injury and regeneration occurred. Immunostaining with antibodies to ␤-galactosidase and proximal tubular cell markers further supported the formation of proximal tubular epithelial cells from transplanted HSC. Furthermore, donor Y-chromosome ϩ cells were detected in the kidneys of female hosts (33) .
To identify Y-chromosome ϩ cells in the post-ischemic kidneys, we combined Y-chromosome fluorescent in situ hybridization (FISH) analysis with immunostaining of markers for kidney tubular epithelial, glomerular, and interstitial cells (16) . We showed that injected whole bone marrow cells gave rise to many types of renal cells. Y-chromosome ϩ cells express specific proximal tubular and collecting duct cell markers (Fig. 1A,B) . The effect of mobilization of bone marrow stem cells on renal recovery has been investigated (32,34 -36) . Controversies exist as to whether there is a measurable degree of bone marrow cell mobilization into the circulation after renal ischemic injury (32, 34) 
ϩ cells 24h after injury, whereas Duffield et al failed to detect any bone marrow mobilization. The mechanism of bone marrow cell mobilization following acute renal injury is not understood. Increased levels of granulocyte colony-stimulating factor (G-CSF) in the circulation and in the kidney have been shown after renal ischemia-reperfusion injury (37) . Togel et al demonstrate up-regulation of renal expression of stromal cell-derived factor-1 (SDF-1) which interacts with its receptor CXCR4 on the bone marrow cells to induce mobilization and homing of stem cells into the kidney for renal protection (36) . However, the same group also shows that forced bone marrow mobilization with exogenous administration of G-CSF worsens acute renal failure, presumably by enhanced kidney inflammation that is related to granulocytosis (35) .
RENOPROTECTION OF MESENCHYMAL STEM CELLS BY DECREASING INFLAMMATION AND ENHANCING RENAL REGENERATION
There are several reports about renoprotective effect of mesenchymal stem cells in rodent models of ischemia-or chemical-induced acute renal failure. Morigi et al injected MSC isolated from male mice into the veins of female mice that had renal injury induced by cisplatin and observed formation of male cell-derived tubular epithelial cells. Mice received MSC had accelerated tubular regeneration and improved renal function. In contrast, injection of the same number of HSC (Lin Ϫ ckit ϩ cells) did not have a beneficial effect. The mechanism of renal protection by MSC is thought to be due to differentiation of MSC into renal tubular epithelial cells, although the extent of MSC differentiation was not evaluated in this study (38) . In another study conducted by Togel et al, rat kidneys were injured by ischemia and the rats were injected with MSC into the carotid artery. A similar protective effect was observed in improvement of renal morphology and renal function. However, MSC-derived renal cells were not detected. Instead, an altered expression pattern of inflammatory mediators favoring anti-inflammatory processing was noted in the kidney. The authors concluded that the protective effect of MSC was mediated by complex paracrine mechanisms that promote kidney recovery rather than direct differentiation (39) . Renoprotective factors produced by MSC have not been clearly identified. Cultured human MSC express hepatocyte growth factor (HGF) and its receptor c-met at both mRNA and protein levels (40) . Since HGF has been shown to enhance renal regeneration after injury in mice (41), HGF could be one of the MSC-derived renoprotective molecules that plays a role in accelerating kidney recovery. Although this hypothesis needs to be tested, the expression of growth factor and growth factor receptor by human MSC certainly offers a potential of using human MSC to enhance renal regeneration.
INTRA-RENAL CELLS AS THE MAIN SOURCE FOR RENAL REGENERATION
Renal recovery after ischemic injury requires cell proliferation to reconstruct damaged tubular structure. Because large numbers of mitotic cells with the expression of mesenchymal marker vimentin and renal developmental gene Pax2 were observed in the tubules of the injured area in the first 24 to 48 h after injury, dedifferentiation and proliferation of surviving epithelial cells have long been regarded as the mechanism of renal repair (42) . We and others have shown that bone marrow-derived cells can integrate into the renal structure during the repair process. To evaluate the differential contribution of extra-renal cells and intra-renal cells to renal repair, we used genetic marking to label mature tubular epithelial cells originated from intra-renal source with green fluorescent protein (GFP) and counted BrdU incorporation in GFPexpressing cells (intra-renal source) and in Y-chromosome ϩ cells (extra-renal source given by IV injection at 2 h after renal injury) in the post-ischemic female kidneys. The results show that at 28 d after injury, the majority (89%) of the regenerating cells are descendents of either surviving tubular epithelial cells or potential renal stem cells, both of which are derived from intra-renal source. In contrast, bone marrow cells made only a minor contribution to tubular structural repair. Moreover, GFP-positive mature epithelial cells expressed vimentin, which provided direct evidence to support the conventional wisdom of dedifferentiation of surviving epithelial cells for tubular repair after acute injury.
Duffield et al created mice with chimeric bone marrow between wild-type and Rosa26 or GFP mice and performed renal ischemic injury. A large number of bone marrowderived cells were observed in the interstitium but not in the renal tubules at 2, 7 or 21 d after the injury. Similarly, in female mice with male bone marrow chimerism, no Ychromosome ϩ cells were detected in the tubules at 7 or 15 d after the injury. The authors concluded that restoration of renal tubules was due to self-repair from epithelial cells (32) . This study further strengthens the importance of intra-renal cells in kidney regeneration. The difference of the small contribution of bone marrow cells to forming tubular cells in mice injected with bone marrow cells after injury and the inability of bone marrow cells to form tubular cells in mice with chimeric bone marrow could be explained by the fact that there is limited mobilization of bone marrow stem cells into the circulation to reach the sites of injured kidneys (32) . In contrast, injection of bone marrow cells into the circulation provides direct access of stem cells into the kidney. It is interesting to note that the 76R LIN number of bone marrow-derived cells in the tubular, glomerular and interstitial compartments of the kidney increases with time (16) . After IV injection of bone marrow cells, the earliest time point that we could detect any Y-chromosome ϩ cells in the renal tubules was 5 d post injury. At 28 d, 0.67% of the tubular cells in the injured kidneys contained Y-chromosome. The mechanism and significance of increasing number of bone marrow-derived cells in the kidney is not understood at the present time.
The ultimate goal of studying bone marrow contribution to renal regeneration is to develop potential treatment for acute renal failure with bone marrow-derived cells. Kale et al injected one dose of 2.9 ϫ 10 5 Lin Ϫ cells into mice with renal ischemic injury and observed significant improvement of BUN. In our study, a single injection of 1 ϫ 10 6 whole bone marrow cells into the systemic circulation after renal injury did not improve renal function in mice, which is in agreement with the minor contribution to tubular structural recovery (16) . It is also possible that mature white blood cells in the whole bone marrow may elicit exaggerated inflammation in the ischemic kidney and therefore compromise the protective effect of bone marrow stem cells. It is estimated that in 1 ϫ 10 6 of freshly isolated whole bone marrow cells there are very few numbers of mesenchymal stem cells that have been reported to protect renal function (32, 38, 39) . Interestingly, injection of fibroblasts offered the same functional protection (32) . More studies need to be performed to determine the optimal type(s) of bone marrow cells, the number of cells per treatment, and the frequency and route of injection for cell replacement therapy.
RENAL STEM/PROGENITOR CELLS IN POSTNATAL KIDNEYS
The facts that postnatal kidney undergoes slow but constant turnover, and the kidney can regenerate after injury suggest that postnatal kidney contains a population of self-replicating cells. At the present time, a single cell that fits into the criteria of stem cells (self-renewal and multi-lineage differentiation) has not been isolated from the kidney. Because stem cells can self-renew and do not divide frequently, they will incorporate BrdU during self-renewal and retain BrdU. BrdU label retaining cells have been shown to have stem cell properties in the organs with fast turnover, such as in the skin and intestinal tract. Using a similar method, Oliver et al injected newborn mice and rats with BrdU and let cells with relatively fast cycling dilute BrdU for over 2 mo. BrdU retaining cells were identified in the interstitial and tubular compartments of the renal papilla after 2-10 mo of chase. Their number decreased after ischemic injury, possibly by migration into injured area for renal repair. Staining with proliferation marker Ki67 proved the proliferative capacity of the cells. When dispersed cells from renal papilla were placed in culture, they expressed neuronal or epithelial cell makers (43) . These results suggest that BrdU retaining cells in the papilla can proliferate and participate in renal repair. It is currently unknown whether these cells are undifferentiated (like stem cells) and what their complete developmental potential is. Studies by Vogetseder et al demonstrate that after 8 -35 wk of BrdU injection given in the neonatal period, BrdU retaining cells in the rat renal tubules possess features of differentiated epithelial cells with the expression of Na-K-ATPase and sodium/phosphate cotransporter (44) . Self-duplication of preexisting pancreatic ␤-cells has been reported as the mechanism of new ␤-cell formation in adult life and after pancreatectomy in mice (45) . Like the pancreas that has relatively slow turnover, it is possible that in the kidney preexisting tubular epithelial cell can maintain kidney structure under normal condition and regenerate the kidney following injury. It is our effort to develop methods to selectively label preexisting renal epithelial cells to allow us to track the fate of these cells to prove this possibility.
POTENTIALS OF STEM CELLS FOR TREATMENT OF ACUTE RENAL FAILURE
Postnatal kidneys have the capacity to regenerate following ischemic or chemical injury to renal tubular epithelial cells. The source of the regenerating cells includes surviving epithelial cells, putative renal stem cells, and bone marrow stem cells (46 -48) Figure 2 illustrates the contributions of these cells to renal repair. To develop stem cells as potential therapeutic agents for acute renal failure, more research needs to be conducted to have more in-depth understanding of renal injury and repair. ES cells have unlimited developmental potential and could be induced to differentiate into tubular structure and express renal cell markers, they could offer a large source for cell replacement therapy. Before clinical use, we need to control precise renal lineage differentiation in a reproducible manner and develop methods to isolate renal cells with high purity to avoid contamination of undifferentiated ES cells that can form teratoma. Until autologous ES cells are cloned for an individual patient, immune response remains an issue. The existence of renal stem cells that meet the gold standard of self-renewal and multi-lineage differentiation needs to be proven. In the adult kidney, there are at least twenty-six types of differentiated cells. It is likely that there is no such single stem cell that can form all these cells. Despite this, we should not be discouraged. If our research effort leads to successful isolation and expansion of progenitors of tubular epithelial cells, it will be an important achievement in our attempt to replace and regenerate tubular epithelial cells that are injured or lost due to kidney diseases. Methods such as using growth factors and pharmacological agents to stimulate endogenous renal epithelial cell proliferation and differentiation may also enhance renal regeneration. Because bone marrow stem cells are readily accessible, they remain an important source for autologous cell replacement therapy. More research needs to be conducted to determine the type of bone marrow cells, dose and route of administration of the cells. For example mesenchymal stem cells have been shown to function as nursemaid to aid tissue recovery and it will be an interesting direction for further research. Currently, most renal stem cell research is focused on models of acute renal injury. The potential of stem cell therapy in chronic renal disease will be another exciting area of future research.
